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BACKGROUND AND PURPOSE
The omega-3 polyunsaturated fatty acid (PUFA) eicosapentaenoic acid (EPA) has antineoplastic activity at early stages of
colorectal carcinogenesis, relevant to chemoprevention of colorectal cancer (CRC). We tested the hypothesis that EPA also has
anti-CRC activity at later stages of colorectal carcinogenesis, relevant to treatment of metastatic CRC, via modulation of E-type
PG synthesis.

EXPERIMENTAL APPROACH
A BALB/c mouse model, in which intrasplenic injection of syngeneic MC-26 mouse CRC cells leads to development of liver
metastases, was used. Dietary EPA was administered in the free fatty acid (FFA) form for 2 weeks before and after ultrasound-
guided intrasplenic injection of 1 ¥ 106 MC-26 cells (n = 16 each group).

KEY RESULTS
Treatment with 5% (w w-1) EPA-FFA was associated with a reduced MC-26 mouse CRC cell liver tumour burden compared
with control animals (median liver weight 1.03 g vs. 1.62 g; P < 0.034). Administration of 5% EPA-FFA was also linked to a
significant increase in tumour EPA incorporation and lower intratumoural PGE2 levels (with concomitant increased production
of PGE3). Liver tumours from 5% EPA-FFA- treated mice demonstrated decreased 5-bromo-2-deoxyuridine-positive CRC cell
proliferation and reduced phosphorylated ERK 1/2 expression at the invasive edge of tumours. A concentration-dependent
reduction in MC-26 CRC cell Transwell® migration following EPA-FFA treatment (50–200 mM) in vitro was rescued by
exogenous PGE2 (10 mM) and PGE1-alcohol (1 mM).

CONCLUSIONS AND IMPLICATIONS
EPA-FFA inhibits MC-26 CRC cell liver metastasis. EPA incorporation is associated with a ‘PGE2 to PGE3 switch’ in liver tumours.
Inhibition of PGE2-EP4 receptor-dependent CRC cell motility probably contributes to the antineoplastic activity of EPA.

Abbreviations
AA, arachidonic acid; BrdU, 5-bromo-2-deoxyuridine; CRC, colorectal cancer; DHA, docosahexaenoic acid; DMSO,
dimethyl sulfoxide; EPA, eicosapentaenoic acid; FAP, familial adenomatous polyposis; FFA, free fatty acid; PI,
proliferation index; PUFA, polyunsaturated fatty acid; RCT, randomized controlled trial; TBS, Tris-buffered saline; TTBS,
Tween-Tris-buffered saline
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Introduction
There is substantial evidence that the omega (w)-3 polyunsatu-
rated fatty acid (PUFA) eicosapentaenoic acid (EPA) has anti-
colorectal cancer (CRC) activity, ranging from in vitro studies
of the effect of EPA on human CRC cells, to efficacy in rodent
models of colorectal carcinogenesis, and human epidemio-
logical observations of the association between dietary w-3
PUFA intake and decreased CRC risk (Cockbain et al., 2012).

Research has previously focused on the role of EPA for
prevention of CRC. EPA has antineoplastic activity in rodent
chemical carcinogenesis models (Deschner et al., 1990) and
the ApcMin/+ mouse model of familial adenomatous polyposis
(FAP; Petrik et al., 2000; Fini et al., 2010), as well as chemo-
preventative efficacy in FAP patients (West et al., 2010).

However, there is also evidence that EPA may have utility
for treatment of established CRC. Two independent studies
have demonstrated efficacy of EPA alone, or in combination
with docosahexaenoic acid (DHA), in reducing the number
and size of metastatic CRC liver tumours in rodents (Iwamoto
et al., 1998; Gutt et al., 2007). However, another study, using
a similar rat model of CRC liver metastasis, reported an actual
increase in tumour burden associated with administration of
a high-dose EPA/DHA mix (Griffini et al., 1998).

There is an unmet clinical need for safe and well-tolerated
therapy for advanced, inoperable CRC, either alone or in
combination with other chemotherapeutics. Therefore, we
investigated the effect of EPA on growth of MC-26 CRC cell
liver tumours in BALB/c mice. Our recent randomized con-
trolled trial (RCT) in FAP patients used the free fatty acid
(FFA) form of EPA (West et al., 2010) and EPA-FFA has been
used successfully in the ApcMin/+ mouse model of FAP (Fini
et al., 2010). The FFA form of EPA is more efficiently absorbed
in the small intestine than ethyl ester or triglyceride conju-
gates (Lawson and Hughes, 1988), providing the rationale for
testing orally administered EPA-FFA in our mouse model of
CRC liver metastasis.

The mechanism(s) underlying the antineoplastic activity
of EPA remains unclear (Chapkin et al., 2007; Cockbain
et al., 2012). The critical role of pro-tumourigenic COX-PG
signalling in colorectal carcinogenesis and tumour growth
is established (Wang and DuBois, 2010). We, and others, have
reported that EPA inhibits COX-2-dependent PGE2 synthesis,
with concomitant production of the equivalent ‘three-series’
PG, PGE3 in human cancer cells in vitro (Yang et al., 2004;
Hawcroft et al., 2010) and colorectal mucosa in vivo (Vanamala
et al., 2008). However, the presence of an ‘E2-to-E3’ switch has
never been confirmed in tumour tissue in vivo. Therefore, we
measured w-3 PUFA incorporation and levels of E-type PGs in
control and EPA-FFA-treated MC-26 CRC cell tumours.

Herein, we report that EPA-FFA treatment inhibits
growth of MC-26 mouse CRC liver tumours. Reduced liver
tumour burden was associated with tumour EPA incorpora-
tion, reduced w-6 PUFA arachidonic acid (AA) content and
lower intra-tumoural PGE2 levels (with concomitant produc-
tion of PGE3). Further mechanistic studies determined that
EPA-FFA treatment was associated with decreased CRC cell
proliferation and reduced ERK signalling at the invasive edge
of tumours. Reduced MC-26 CRC cell motility associated
with EPA-FFA treatment in vitro was rescued by exogenous
PGE2 confirming that negative regulation of PGE2-dependent

CRC cell invasion contributes to the antineoplastic activity
of EPA.

Methods

Drug and receptor nomenclature conforms to the British
Journal of Pharmacology Guide to Receptors and Channels, 5th
Edition (2011) throughout (Alexander et al., 2011).

Mouse MC-26 CRC cells
Mouse colon 26 (MC-26) cells were obtained from the
National Cancer Institute, Frederick, MD, USA. Cells were
cultured in RPMI 1640 medium containing Glutamax®
supplemented with 10% (v v-1) heat-inactivated FBS (all Invit-
rogen, Paisley, UK), at 37°C in a humidified atmosphere
containing 5% CO2. Cells were routinely sub-cultured using
0.25% (w v-1) trypsin (Invitrogen). Viable cells were counted
using a haemocytometer in the presence of 0.04% (v v-1)
trypan blue (Sigma-Aldrich, Poole, UK).

BALB/c mouse model of CRC liver metastasis
BALB/c AnN mice were obtained from Charles River UK Ltd.
(Margate, UK) and were housed in a specific pathogen-free
environment. All experiments were undertaken with UK
Home Office approval. Female 8 to 11 week-old BALB/c mice
were fed one of three isocaloric test diets (n = 16 per group),
based on a modified AIN-93G diet base, ad libitum for 14 days,
in which 7% soybean oil was replaced by corn oil (Supporting
Information Table S1). The diets contained either; (i) no
EPA-FFA; (ii) 2.5% (w w-1) EPA-FFA; or (iii) 5% (w w-1) EPA-FFA,
replacing an equivalent amount of corn oil (Supporting Infor-
mation Table S1). EPA-FFA was provided by SLA Pharma AG
(Watford, UK). Fresh irradiated diet was manufactured by IPS
(London, UK) every 8 days and delivered within 24 h in irra-
diated, vacuum-packed 100 g foil bags in order to minimize
oxidation. Uneaten diet was removed, weighed and replaced
every day with fresh diet from a previously unopened foil bag.

On day 15, 1 ¥ 106 viable MC-26 mouse CRC cells were
suspended in 100 mL sterile PBS and were introduced into the
spleen by percutaneous injection with a sterile 27G needle
guided by high-frequency, ultrasound imaging (Vevo770,
VisualSonics Inc., Toronto, ON, Canada) under 3% (v v-1)
isofluorane anaesthesia. Animals continued on the same diet
and were weighed daily for a further 14 days until killed
by CO2 asphyxiation, except for 4 mice in the 5% EPA-FFA
group, which were killed between days 10–13 post-injection
due to ill-health.

One hour before killing, animals received an i.p. injection
of 0.75 mg·kg-1 5-bromo-2-deoxyuridine (BrdU; GE Health-
care, Amersham, UK). Immediately after killing, total body,
liver and spleen weights were measured by a person blind to
the treatment allocation of each mouse. Tumour, normal liver
and spleen tissue was fixed in 4% (w v-1) paraformaldehyde
in PBS overnight, before being embedded in paraffin, or was
snap-frozen in liquid N2, either un-mounted or mounted in
OCT embedding compound (FLUKA Analytical, Exeter, UK).

Measurement of tissue PUFA content
Total PUFA content of tumour tissue and adjacent normal
liver was measured by GC-MS as described previously (Hillier
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et al., 1991). Data are expressed as the relative % total PUFA
content of each PUFA.

Measurement of PGE2 and PGE3 levels
Frozen tissue was homogenized in approximately 10 parts
0.9% (w v-1) saline and then centrifuged at 10 000¥ g for
5 min. PGE2 and PGE3 levels were measured by LC-MS/MS as
described previously (Hawcroft et al., 2010).

Measurement of tumour proliferation index
Sections (4 mm thick) were dewaxed in xylene and rehy-
drated with alcohol followed by washing in water for 5 min.
Sections underwent antigen retrieval by microwave heating
in 10 mM citrate buffer (pH 6.0) at 100°C for 10 min. Sec-
tions were then rinsed in water before endogenous peroxi-
dase activity was blocked with 0.3% (v v-1) H2O2 (Fisher
Scientific UK Ltd, Loughborough, UK) in 100% methanol
for 10 min at room temperature. Slides were rinsed in Tris-
buffered saline (TBS; 50 mM Tris and 0.15 M NaCl, pH 7.4)
at room temperature and then blocked with casein (Vector
Laboratories UK, Peterborough, UK) in TBS for 30 min. Sec-
tions were incubated for 20 min with monoclonal anti-BrdU
antibody (clone BU-1) as per manufacturer’s instructions
(GE Healthcare) in Sequenza® slide racks (Thermo Scientific,
Basingstoke, UK). After being washed in Tween-TBS (TTBS;
50 mM Tris and 0.15 M NaCl, pH 7.4, 0.25% Tween 20)
twice for 3 min and then TBS once for 3 min at room tem-
perature, sections were visualized using the anti-mouse Envi-
sion™ system (DakoCytomation Ltd, Ely, UK). Sections were
counterstained in Mayer’s haematoxylin for 1 min, dehy-
drated using alcohol and xylene and mounted using DPX
(FLUKA Analytical). Negative controls included omission of
the primary antibody and tissue from animals that had not
received BrdU.

Each tumour section was scanned at low power (¥100)
in order to identify two peripheral areas of tumour with
the highest density of BrdU-positive tumour cells. The total
number of BrdU-positive and BrdU-negative tumour cells was
counted in the two ‘hotspots’ at ¥600 magnification (high-
power field; hpf) by a single observer blinded to the treatment
allocation of each section. Cell counting was undertaken only
if the individual section contained a minimum of two com-
plete hpfs. The proliferation index (PI) was calculated as the
% number of BrdU-positive cells counted.

Measurement of tumour apoptosis index
Immunohistochemistry for cleaved caspase-3 was performed
as described earlier, except that sections were incubated
with 1:100 rabbit anti-activated caspase-3 antibody (Asp175;
Cell Signalling Technology Inc., Herts, UK) in Zymed®
antibody diluent (Invitrogen) for 60 min. Sections were visu-
alized using the anti-rabbit Envision™ system (DakoCytoma-
tion Ltd).

Each tumour section was scanned at ¥100 magnification
in order to identify two areas of tumour with the highest
number of activated caspase (AC)-3-positive tumour cells.
The total number of AC-3-positive and AC-3-negative tumour
cells was counted in these areas at ¥200 magnification by a
single observer blinded to the treatment allocation of each
section. Cell counting was undertaken only if a section con-
tained a minimum of two complete tumour fields of view for

assessment. The apoptosis index (AI) was calculated as the %
number of AC-3-positive cells counted.

Immunohistochemistry for phospho-ERK 1/2
Immunohistochemistry for phosphorylated (p) ERK1/2 was
carried out as described earlier, except that sections were
incubated with a 1:100 dilution of rabbit polyclonal anti-
pERK1/2 (threonine 202, tyrosine 204) antibody from Cell
Signalling Technology in Zymed® antibody diluent for
60 min at room temperature. Sections were visualized using
the anti-rabbit Envision™ system (DakoCytomation Ltd).
Staining extent and intensity values at the tumour margin
were determined as the mean of 4 random ¥ 20 fields of
view scored on a scale of 0 to 3, in which 0 represented no
staining and 3 represented the strongest staining intensity
of cells at the periphery of tumours. A single observer, who
was blinded to the treatment allocation of each section, per-
formed the scoring.

Immunohistochemistry for COX-2
The method used was as described for pERK1/2 immunohis-
tochemistry except that primary rabbit polyclonal anti-
COX-2 antibody (Cayman Chemical Co., Ann Arbor, MI,
USA) was used at a dilution of 1:50. All sections were stained
in a single experiment. COX-2 immunoreactivity was scored
by one individual, who was blinded to the treatment alloca-
tion of each section. Each section was scored 0–3 for intensity
(nil, weak, moderate, strong) and 0–3 for extent (0, no posi-
tive staining; 1, <25% tumour area; 2, 25–50% tumour area;
3, >50% tumour area) of COX-2 staining and a total COX-2
immunoreactivity score obtained by addition of the intensity
and extent scores.

Immunohistochemistry for the EP4 receptor
The method used was as described for pERK1/2 immunohis-
tochemistry except that rabbit polyclonal anti-EP4 receptor
antibody (Cayman Chemical Co.) was used at a dilution of
1:500.

Measurement of tumour microvessel density
Sections for CD31 immunohistochemistry underwent
antigen retrieval with proteinase K (100 mg in 10 mM
TrisHCl pH 7.5, 20 mM CaCl2, 50% glycerol) diluted 1:500 in
PBS for 25 min at 37°C and blocking with avidin/biotin
agent (Vector Laboratories Ltd). Sections were incubated
with a 1:10 dilution of rat anti-mouse CD31 antibody (BD
Pharmingen, San Diego, CA, USA) in Zymed® antibody
diluent for 2 h at room temperature. Immunoreactivity was
visualized with biotinylated rabbit anti-rat immunoglobulin
(DakoCytomation Ltd; 1:200 in Zymed® antibody diluent)
and streptavidin/biotin horseradish peroxidase complex
(Vector Laboratories), both for 30 min at room temperature,
followed by incubation with 3,3′-diaminobenzidine tetrahy-
drochloride solution (DakoCytomation Ltd).

The number of CD31-positive vessels in three ‘hotspots’
identified at ¥100 magnification was counted at ¥200 magni-
fication by a single observer who was blinded to the treatment
allocation of each section. Vessel counting was undertaken
only if a section contained at least two complete tumour fields
of view for assessment.
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Analysis of hepatic steatosis
Frozen sections of liver were allowed to dry for 15 min
before fixation with 10% (w v-1) formal-calcium overnight at
room temperature and staining with 0.5% (v v-1) oil red O in
propylene glycol (Sigma, Poole, UK).

Steatosis was scored 1–3 based on the degree and extent
of steatosis (1, patchy microvesicular steatosis not filling
hepatocytes; 2, some confluent areas of marked steatosis but
neighbouring normal hepatocytes; 3, diffuse microvesicular
steatosis with ‘ballooned’ hepatocytes). In each case, a con-
sensus score was gained by two observers, who were both
blind to the treatment allocation of each section.

Immunoblot analysis
Snap frozen tissues were lysed in ice-cold RIPA buffer (Sigma)
as described previously (Hawcroft et al., 2010) and passed
through a QIAshredder homogenizer (QIAGEN Ltd, Crawley,
UK). Total protein lysates (50 mg) were separated on a 12%
NuPAGE gel (Invitrogen) and then wet-transferred to polyvi-
nylidene fluoride membranes. Membranes were blocked in
PBS containing 0.05% (v v-1) NP-40 and 5% (w v-1) milk for
60 min before incubation with rabbit polyclonal anti-COX-2
antibody (Cayman Chemical Co.) diluted 1:250 in PBS con-
taining 0.05% (v v-1) NP-40 and 1% (w v-1) milk and anti-b-
actin antibody (Sigma) diluted 1:2000 in PBS containing
0.05% (v v-1) NP-40 and 1% (w v-1) milk, both overnight at
4°C. Membranes were washed 3 ¥ 10 min in PBS containing
0.05% (v v-1) NP-40 followed by 60 min incubation with
the appropriate peroxidase-conjugated secondary antibody
(DakoCytomation Ltd) at 1:2000 dilution in PBS containing
0.05% (v v-1) NP-40 and 1% (w v-1) milk at room temperature.
Following 3 ¥ 10 min washes with PBS-NP40 (0.05%), mem-
branes were visualized using Supersignal West Pico Chemilu-
minescence kit (Pierce, Rockford, IL, USA) following the
manufacturer’s instructions. Membranes were imaged using
a GelDoc system and Quantity One software (Bio-Rad, Her-
cules, CA, USA).

MC-26 mouse CRC cell motility assay
Ninety-nine per cent pure EPA-FFA for in vitro studies was
obtained from SLA Pharma AG. EPA-FFA was dissolved in
absolute ethanol carrier at a 1:100 (v v-1) dilution as described
previously (Hawcroft et al., 2010).

MC-26 cells were grown to exponential phase and treated
with 50 to 200 mM EPA-FFA for 24 h in the presence or
absence of 10 mM PGE2 [from a 10 mM stock solution in
dimethyl sulphoxide (DMSO)] or 1 mM PGE1-alcohol (1 mM
stock solution in DMSO; both Cayman Chemical Co.). ONO-
AE3-208 (stock solution 1 mM in DMSO) was a kind gift from
ONO Pharmaceutical Co. (Osaka, Japan). PD98,059 (stock
solution 30 mM in DMSO) was obtained from Calbiochem
(Nottingham, UK). Cells were then harvested and counted;
7.5 ¥ 105 cells were seeded in serum-free culture medium in
the upper chamber of an 8 mm pore Transwell® insert in the
wells of 6 well plate containing a glass coverslip. Medium
containing 10% FBS and 5 ng·mL-1 recombinant mouse
TGF b1 (PeproTech EC Ltd, London, UK) was added to the
lower chamber. Cells were allowed to migrate for 24 h. Cells
migrated onto the coverslips were methanol-fixed, stained

with haematoxylin and counted from three random ¥4 mag-
nification fields of view.

EPA-FFA chemosensitivity assay
The effect of EPA-FFA on MC-26 mouse CRC cell viability
in vitro was determined using a MTT assay. Briefly, 1 ¥ 103 cells
per well were seeded in 96-well plates in 200 mL medium per
well and incubated overnight at 37°C. The following day,
medium was removed and replaced with fresh medium con-
taining EPA-FFA. Cells were exposed to a range of EPA-FFA
concentrations for 24 h, after which they were washed twice
with PBS before the addition of fresh medium containing
EPA-FFA as appropriate. Following 3 days incubation at 37°C,
differences in cell viability were determined using the MTT
assay. The IC50 was calculated as the mean � SD of three
independent experiments.

Statistical analysis
The significance of differences between treatment groups was
tested by either the Mann–Whitney U-test and Kruskal–Wallis
test for non-parametric data, or Student’s t-test and one-way
ANOVA, with post hoc analysis by the Bonferroni method, for
normally distributed data. The significance of differences
in food intake over time in the treatment groups was analy-
sed by repeated measures ANOVA. The relationships between
biomarkers of PUFA incorporation, PG synthesis and tumour
growth were analysed by the two-tailed Spearman correlation
test. Significance was assumed if the P value was less than
0.05.

Results

Administration of 5% EPA-FFA reduces
growth of MC-26 mouse CRC cell
liver tumours
All mice developed one or more liver metastases after
intrasplenic injection of MC-26 mouse CRC cells. The tum-
our burden consisted of either multiple, small metastases
throughout the liver parenchyma (Figure 1A) or a smaller
number of discrete tumours, which often extended into the
liver hilum (Figure 1B). Liver weight was used as the primary
measure of the degree of MC-26 mouse CRC cell liver
metastasis. Liver weight was significantly lower in mice that
received a 5% EPA-FFA-containing diet [median 1.03 (range
0.59–3.91) g] compared with control animals [median 1.62
(range 0.91–3.40) g; P = 0.034; Figure 1C]. There was no sig-
nificant difference in liver weight between the 2.5% EPA-FFA-
treated group [median 1.50 (range 1.05–3.94) g] and controls
(Figure 1C). Dietary intake was monitored daily and did not
differ significantly between the treatment groups before or
after MC-26 mouse CRC cell injection (Supporting Informa-
tion Figure S1). Although body weight remained stable in all
three groups before the intrasplenic injection, there was a
decrease in body weight in each group from day 15 onwards,
which was most pronounced, but was not significantly dif-
ferent from the control group at killing, in the 5% EPA-FFA-
treated animals (Supporting Information Figure S1). As
reduced body weight and differences in the time to scheduled
killing (four mice in the 5% EPA-FFA-treated group were killed
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early between days 10 and 13 post-injection due to general ill
health rather than at day 15) could confound the use of liver
weight as a surrogate end point for liver tumour burden, we
also compared liver weight as a percentage of the total body
weight between the three intervention groups. Administra-
tion of the 5% EPA-FFA-containing diet was also associated
with a lower liver/body weight ratio (median 6.5%) compared
with control animals (median 8.6%; P = 0.13; Figure 1D).

Consistent with the BALB/c AnN background (which is
related to the BALB/cByJ substrain) of the test animals (Lin
et al., 2005), we noted a variable degree of steatosis in hepa-
tocytes surrounding tumour tissue in all animals (Supporting
Information Figure S2). However, the extent of fatty change
did not differ between EPA-FFA-treated and control animals
(Supporting Information Figure S2). There was no evidence of
steatohepatitis in any liver specimen.

Dietary EPA-FFA is incorporated into MC-26
mouse CRC cell liver tumours
Based on previous data from rodent CRC models (Calder
et al., 1998; Boudreau et al., 2001; Togni et al., 2003), we
hypothesized that orally administered EPA-FFA would be
incorporated into MC-26 mouse CRC cell tumours leading to
an increase in tissue EPA content at the expense of the w-6
PUFA AA. MC-26 mouse CRC cell tumour tissue from control
BALB/c mice contained relatively low levels of EPA [mean

relative content 0.14 � 0.04% (SEM)] with correspondingly
higher levels of AA (10.1 � 0.84%; Figure 2A). Administration
of 2.5% EPA-FFA in the diet was associated with a slight
increase in tumour EPA content (to 0.43 � 0.08%) and a
larger, but statistically insignificant, reduction in AA to a
relative content of 7.26 � 1.13% (P = 0.09; Figure 2A). By
contrast, tumour tissue from animals, which received 5%
EPA-FFA, contained higher relative levels of EPA (3.68 �

0.81%; P < 0.001 compared with control and 2.5% EPA-FFA-
treated groups), with a statistically significant reduction in
AA content to 4.63 � 0.54% (P = 0.01 for the comparison
with control tumour tissue; Figure 2A). At the higher dietary
dose of EPA-FFA, there was a simultaneous increase in levels
of docosapentaenoic acid (DPA) in tumour tissue, but not of
DHA, suggesting that EPA-DHA conversion does not occur
to any significant extent in these CRC cell tumours with
the limiting step being (DPA to DHA) reductase activity
(Figure 2A). Expressed as the EPA/AA ratio, there was a
dose-dependent increase in the EPA/AA ratio associated
with EPA-FFA administration with the tumour EPA/AA ratio
approximating the value 1 in mice administered 5% EPA-FFA
(Figure 2C). As expected, similar w-3 PUFA levels and differ-
ences in the relative content of EPA and AA related to EPA-FFA
treatment were observed in neighbouring liver tissue
(Figure 2B). In addition, the relative DHA content of the liver
was noted to be higher in all three treatment groups than that
in MC-26 mouse CRC cell tumour tissue (Figure 2B).

Figure 1
Dietary EPA-FFA administration is associated with reduced growth of MC-26 mouse CRC cell liver metastases. (A,B) Macroscopic appearance of
MC-26 mouse CRC cell liver metastases as either multiple small tumour foci throughout the liver (A; size bar = 10 mm) or a smaller number of
larger, discrete tumours (highlighted in red) often involving the hilar region (B; size bar = 10 mm). (C) Individual liver weight values at killing. Bars
represent the median value for each dietary group (control, n = 16; 2.5% EPA-FFA, n = 16; 5% EPA-FFA, n = 16). *P = 0.034 for the comparison
between the 5% EPA-FFA-treated and control group; Kruskal–Wallis test. (D) Individual liver/body weight ratios at killing. Bars represent the median
value for each dietary group (control, n = 16; 2.5% EPA-FFA, n = 16; 5% EPA-FFA, n = 16). *P = 0.13 for the comparison between the 5%
EPA-FFA-treated and control group; Kruskal–Wallis U-test.
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Dietary EPA-FFA administration is associated
with reduced PGE2 levels and PGE3 synthesis
in MC-26 mouse CRC cell liver metastases
In the absence of dietary EPA-FFA supplementation, MC-26
mouse CRC cell liver tumours contained high levels of PGE2

[mean 5970 � 711 (SEM) pg·mg-1 wet weight tissue]
compared with normal liver tissue (Figure 3A,B). This is
consistent with known constitutive COX-2 expression and
COX-2-dependent PGE2 production by MC-26 mouse
CRC cells in vitro (Pozzi et al., 2004; Hawcroft et al., 2010).
Administration of 2.5% EPA-FFA in the diet was not associ-
ated with any significant change in intra-tumoural PGE2

content (Figure 3A). However, exposure to 5% EPA-FFA in
the diet was associated with a significant, 60%, decrease
in intratumoural PGE2 levels compared with control
liver metastases (P = 0.006; Figure 3A). In addition, EPA-FFA
administration was associated with a significant dose-
dependent increase in PGE3 in MC-26 mouse CRC cell liver
tumour tissue (Figure 3A). PGE3 levels were an order of
magnitude lower than corresponding tissue PGE2 levels
reaching 321 � 59 pg·mg-1 in tumours from 5% EPA-FFA-
treated animals (Figure 3A). Despite the reduction in tumour
PGE2 content of 5% EPA-FFA-treated tumour tissue, no sig-
nificant difference in tumour COX-2 protein levels between
control and 5% EPA-FFA-treated tumours was observed by
Western blot analysis or immunohistochemistry (Figure 3C,D
and Supporting Information Figure S3).

Although changes in PUFA content related to EPA-FFA
administration, similar to those noted in tumour tissue, were
observed in the liver (Figure 3B), no significant difference
in PGE2 levels was observed in the liver of EPA-FFA-treated
mice compared with control animals (Figure 3B). Only very
low levels of PGE3 were detected in normal liver tissue from
EPA-FFA-treated animals compared with metastasis tissue
(Figure 3B).

We hypothesized that changes in the PUFA content of
tumour tissue from individual animals would predict the
observed differences in E-type PG levels from the same
mice. There was a weak, but statistically significant, nega-
tive correlation between the EPA/AA ratio and PGE2 level, as
well as a stronger positive correlation between the EPA/AA
ratio and PGE3 level, in individual tumours (Supporting
Information Figure S3). Interestingly, there appeared to be a
threshold EPA/AA ratio value (approximately 0.1), above
which MC-26 CRC cell tumour PGE3 synthesis occurred
(Supporting Information Figure S4). Moreover, there was
a weak, but statistically significant, negative correlation
between the EPA/AA ratio and liver tumour burden as mea-
sured by liver weight. However, differences in the individual
tumour EPA/AA ratio did not explain the small number of
outlier cases in the three experimental groups with a large
tumour burden (compare Figure 1 and Supporting Informa-
tion Figure S4).

Dietary EPA-FFA administration decreases
MC-26 mouse CRC cell proliferation
We next sought a mechanistic explanation for the reduced
liver tumour growth in 5% EPA-FFA-treated animals. Reduc-
tion of PGE2 content and CRC cell proliferation (measured by
Ki-67 immunohistochemistry) has previously been reported
in EPA-treated HT-29 human CRC cell xenograft tumours in
nude mice (Calviello et al., 2004). Therefore, we measured the
% number of BrdU-positive tumour cells (the PI) in liver
metastasis tissue. Treatment with 5% EPA-FFA was associated
with a statistically significant, overall 19%, lower tumour PI
than control tumour tissue (P = 0.04; Figure 4A). Consistent

Figure 2
Changes in PUFA content of MC-26 mouse CRC cell liver tumours and
liver tissue associated with EPA-FFA administration. The relative (%
total) PUFA content of MC-26 mouse CRC cell tumour tissue (A) and
neighbouring liver tissue (B) after exposure to either control or
EPA-FFA-containing diets for 28 days. Columns and bars represent the
mean and the SEM, respectively, for n = 14 (control and 2.5% EPA-FFA)
and n = 10 (5% EPA-FFA) tumours, as well as n = 16 (control and 2.5%
EPA-FFA) and n = 14 (5% EPA-FFA) liver samples. *P < 0.01 compared
with the control group; one-way ANOVA with post hoc Bonferroni
analysis. (C) The EPA/AA ratio of MC-26 mouse CRC cell tumour tissue
in the three dietary groups. Columns and bars represent the mean and
the SD respectively. *P < 0.05 for the comparison between the 5%
EPA-FFA-treated group with control and 2.5% EPA-FFA-treated
animals (one-way ANOVA with post hoc Bonferroni analysis).
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with the lack of effect of 2.5% EPA-FFA administration on
tumour size and PGE2 synthesis, the tumour PI in the 2.5%
EPA-FFA-treated group was not significantly different from
the PI of control tumour tissue (Figure 4A).

By contrast, EPA-FFA did not induce MC-26 mouse CRC
cell apoptosis in metastatic liver tumours (Figure 4B), nor was
there any significant difference in CD31-positive microvessel
density between the three treatment groups (Figure 4C).

Dietary EPA-FFA administration decreases
MC-26 mouse CRC cell ERK signalling at
the tumour periphery in vivo and EPA-FFA
decreases MC-26 mouse CRC cell motility
in vitro
ERK signalling occurs downstream of PGE2-induced activa-
tion of the EP4 (but not EP2) receptor (Fujino et al., 2003; Pozzi

Figure 3
EPA-FFA administration leads to changes in E-type PG levels in MC-26 mouse CRC cell tumour tissue. PGE2 (open columns) and PGE3 (solid
columns) levels in (A) MC-26 mouse CRC cell tumour tissue [n = 15 (control), n = 14 (2.5% EPA-FFA) and n = 7 (5% EPA-FFA)] and (B)
neighbouring liver tissue [n = 10 (control), n = 13 (2.5% EPA-FFA) and n = 5 (5% EPA-FFA)] after exposure to either control or EPA-FFA-
containing diets for 28 days. Columns and bars represent the mean and SEM, respectively. *P < 0.05; one-way ANOVA with post hoc Bonferroni
analysis. (C) Western blot analysis of COX-2 protein in tumour tissue from control (n = 4) and 5% EPA-FFA-treated (n = 4) animals. In each
case, 50 mg total protein was loaded. b-actin was probed as a loading control. MC-26 denotes a total protein sample from MC-26 mouse CRC
cells cultured in vitro. Densitometry confirmed that there was no significant difference in the COX-2/b-actin ratio between control tumour
tissue [mean ratio 5.5 � 0.4 (SEM) arbitrary units] and tumour tissue from 5% EPA-FFA-treated animals (7.0 � 1.1 arbitrary units; P = 0.56,
Mann–Whitney U-test). (D) Immunohistochemistry for COX-2 in tumour tissue from control (n = 15), 2.5% EPA-FFA-treated (n = 15) and 5%
EPA-FFA-treated (n = 14) animals. Data points represent individual COX-2 immunoreactivity scores (see Supporting Information Figure S3) and
bars denote median values for each group. There was no significant difference in COX-2 immunoreactivity scores between the treatment groups
(P = 0.16; Kruskal–Wallis test).
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et al., 2004; Hawcroft et al., 2007). Moreover, EPA has been
demonstrated to reduce pERK levels in human CRC cells in
vitro (Calviello et al., 2004). Therefore, pERK1/2 localization
and levels in MC-26 mouse CRC cell tumours in vivo were
determined by immunohistochemistry. pERK1/2 immunore-
activity was restricted to the periphery of tumours, particu-
larly those at the leading edge of the tumour, suggesting a

link with cell invasion and motility at the expanding edge
of tumours (Figure 5A–D). EP4 receptor immunoreactivity
was more widespread and was present throughout MC-26
mouse CRC cell tumours (Figure 5E–F). However, staining
was strongest at the periphery of liver metastases, in a similar
distribution to pERK1/2 staining (Figure 5E–F). The intensity
and extent of pERK1/2 staining at the tumour margin was

Figure 4
Biomarkers of MC-26 mouse CRC cell tumour growth in control and EPA-FFA-treated animals. (A) Immunohistochemistry for BrdU: a represen-
tative photomicrograph demonstrating brown BrdU-positive MC-26 mouse CRC cells in liver metastasis tissue (size bar = 20 mm) and individual
BrdU proliferation index (PI) values in the three treatment groups [n = 16 (control), n = 14 (2.5% EPA-FFA), n = 12 (5% EPA-FFA)]. Bars represent
the median value. *P = 0.04 for the comparison with control tumour PI values (Kruskal–Wallis test). (B) Immunohistochemistry for activated
caspase-3 (AC-3): a representative photomicrograph (size bar = 100 mm) demonstrating individual brown AC-3-positive MC-26 cells within
tumours. Focal areas of high AC-3-positivity were noted in both control and EPA-FFA-treated tumours. Individual AC-3 apoptosis index values in
the three treatment groups are presented in the accompanying figure [n = 15 (control), n = 15 (2.5% EPA-FFA), n = 14 (5% EPA-FFA)]. Bars
represent the median value. (C) Immunohistochemistry for CD31: a representative photomicrograph of CD31-positive vessels in a MC-26 mouse
CRC cell liver tumour (size bar = 100 mm) and individual CD31-positive microvessel density values in the three treatment groups [n = 14 (control),
n = 14 (2.5% EPA-FFA), n = 7 (5% EPA-FFA)]. Bars represent the median value.
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Figure 5
pERK1/2 immunoreactivity in MC-26 mouse CRC cell tumours is reduced in 5% EPA-FFA-treated animals. Representative low- (A,B) and
high-power (C,D) photomicrographs of pERK1/2 staining at the periphery of tumours from control (A,C) or 5% EPA-FFA-treated (B,D) animals.
Examples of pERK-positive cells at the invading edge of the tumours are highlighted by arrows. Size bars = 100 mm. (E) and (F) Representative
photomicrographs of EP4 receptor staining in the same tumours as above from control (E) or 5% EPA-FFA-treated (F) animals. EP4 receptor
immunoreactivity was present throughout MC-26 mouse CRC cells tumours but was most prominent at the periphery of the tumour in a similar
distribution to pERK1/2 staining. Size bars = 100 mm. (G) Individual pERK1/2 scores of liver tumours from the three treatment groups [n = 15
(control), n = 16 (2.5% EPA-FFA), n = 13 (5% EPA-FFA)]. Bars represent the median value. *P = 0.038 for the comparison between the 5%
EPA-FFA-treated and control groups, Student’s unpaired t-test.
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significantly lower in animals on a 5% EPA-FFA-containing
diet [mean pERK1/2 score 1.3 � 0.19 (SD)] compared with the
control group (1.8 � 0.16; P = 0.038; Figure 5G). However,
there was no discernable difference in EP4 receptor immu-
noreactivity in tumours from animals on a 5% EPA-FFA-
containing diet compared with controls (Figure 5E–F).

Given a potential link between ERK1/2 activation and
invasion at the edge of MC-26 mouse CRC cell liver tumours,
we hypothesized that EPA-FFA reduced CRC liver metastasis
growth via attenuation of MC-26 mouse CRC cell motility.
MC-26 cells migrated through an 8 mm pore towards a
chemotactic TGFb1 signal within 24 h (Figure 6A). Pretreat-
ment with EPA-FFA for 24 h before seeding of cells onto a
Transwell® membrane decreased MC-26 mouse CRC cell
migration in a dose-dependent manner (Figure 6B–D,G),
with 200 mM EPA-FFA [similar to the IC50 for EPA-FFA in a
MTT assay (Supporting Information Figure S5)] causing an
approximate threefold reduction in MC-26 mouse CRC
cell motility (Figure 6G). Importantly, incubation with 10 mM
PGE2 [a concentration similar to PGE2 levels obtained in
MC-26 cell-conditioned medium (Hawcroft et al., 2010)] for
24 h rescued the effect of EPA-FFA on MC-26 mouse CRC cells
(Figure 6G,H), thus providing evidence that inhibition of
PGE2 synthesis, at least partly, explains the effect of EPA-FFA
on MC-26 mouse CRC cell motility. An attractive hypothesis
linking PGE2-dependent effects of EPA-FFA on cell motility in
vitro and the similar localization of pERK1/2 and the EP4

receptor in MC-26 mouse CRC cell liver tumours in vivo is
that EPA-FFA attenuates PGE2-EP4 receptor-dependent cell
migration. Consistent with this notion, the specific EP4 recep-
tor antagonist ONO-AE3-208 (Hawcroft et al., 2007) mim-
icked the effect of EPA-FFA in the Transwell® cell migration
assay (Figure 6H), as did the mitogen-activated ERK kinase
1/2 inhibitor PD98,059 (Figure 6H). Importantly, PGE1-
alcohol [used at a concentration (1 mM) at which it retains
properties as a specific EP4 receptor agonist (Kiriyama et al.,
1997)] rescued the effect of EPA-FFA on migration of MC-26
mouse CRC cells suggesting that a reduction of PGE2-EP4

receptor signalling contributes to the antineoplastic activity
of EPA-FFA (Figure 6H).

Discussion

This is the first study to demonstrate anti-CRC efficacy and
gain new mechanistic insights into the antineoplastic activity
of an w-3 PUFA in a pre-clinical model of CRC liver metasta-
sis. Our data add to a body of evidence that EPA has direct
anti-CRC activity relevant to treatment of established CRC
(Cockbain et al., 2012) and implicate a reduction in PGE2-
mediated tumour cell invasion in the anti-CRC activity of
EPA-FFA in the MC-26 mouse CRC cell liver metastasis model.

We acknowledge that we tested high daily doses of EPA-
FFA (roughly equivalent to 12 g·Kg-1 mouse weight based
on daily food intake during the experiment) in order to
accentuate the antineoplastic activity of EPA-FFA and permit
detailed mechanistic studies. The dose range that was tested
was the same as that previously employed by Fini et al. (2010)
and was similar to dosing of fish oil preparations in previous
rodent models of CRC (Cockbain et al., 2012). The premature

mortality observed in the 5% (w w-1) group is unexplained
but was not related to increased tumour burden.

We have confirmed that oral administration of the FFA
form of EPA leads to incorporation of EPA into metastatic
tumour tissue and surrounding normal liver at levels similar
to those obtained in rectal mucosa with chronic (6 month)
dosing with EPA-FFA in humans (West et al., 2010). The con-
current reduction in the relative content of AA that we
observed has been reported previously in other rodent CRC
cell models (Calder et al., 1998; Boudreau et al., 2001; Togni
et al., 2003). In the BALB/c mouse, significant tissue incorpo-
ration of EPA only occurred at the higher EPA-FFA dose sug-
gesting there may be strain- and/or organ-specific differences
in efficiency of membrane EPA incorporation in comparison
with C57/Bl6 mouse intestine (Fini et al., 2010). We also
noted a significantly higher relative content of DHA in host
liver compared with neighbouring MC-26 mouse CRC
cell tumour tissue, consistent with the lower DHA content of
rectal epithelium compared with liver in humans (Arteburn
et al., 2006).

An important landmark finding of this study is that oral
EPA administration leads to a ‘PGE2-to-PGE3 switch’ in CRC
tissue in vivo. Previous observations of this phenomenon
had been restricted to human cancer cells in vitro (Yang et al.,
2004; Hawcroft et al., 2010) and normal colorectal mucosa in
mice (Vanamala et al., 2008). A significant reduction in tissue
PGE2 levels and evidence of de novo PGE3 synthesis occurred
only in the group of animals, in which EPA-FFA [at 5%
(w w-1)] demonstrated antineoplastic activity. The results of
an equivalent PG analysis in human CRC liver metastasis
tissue from an ongoing Phase II RCT of EPA-FFA should
determine the potential utility of E-type PGs [or stable
metabolites such as urinary PGE-M (Murphey et al., 2004)] as
therapeutic response biomarkers for w-3 PUFA therapy. The
relative contributions to the antineoplastic activity of EPA of
the reduction in PGE2 content versus appearance of PGE3,
which can both lead to reduction in pro-tumourigenic EP4

receptor activation (Hawcroft et al., 2010), remains to be
determined.

The absence of any significant reduction in PGE2 levels
in neighbouring normal liver tissue, despite equivalent incor-
poration of EPA to that observed in tumour tissue, suggests
that EPA-mediated effects on E-type PG synthesis were
tumour-specific and were explained by modulation of domi-
nant MC-26 cell COX-2 activity [as is recognized in vitro
(Hawcroft et al., 2010)], with little or no inhibition of consti-
tutive hepatic PGE2 synthesis, which is likely to be driven
largely by COX-1.

We did not obtain any definitive evidence of a reduction
in COX-2 expression in MC-26 mouse CRC cells by EPA in
vivo by either Western blot analysis or immunohistochemis-
try. There was a trend towards reduced COX-2 immunoreac-
tivity in fixed tissue sections of EPA-FFA-treated tumours,
which requires further investigation, particularly as immuno-
histochemical findings can be highly antibody-dependent
(Garewal et al., 2003). By contrast, EPA exposure has previ-
ously been associated with reduced COX-2 protein levels in
HT-29 human CRC cells (Calviello et al., 2004). In our experi-
ments, it remains likely that the large reduction in PGE2 levels
observed in MC-26 mouse CRC cell tumours is explained
predominantly by modulation of COX-2 enzymatic activity

BJPEPA inhibits colorectal cancer liver metastasis

British Journal of Pharmacology (2012) 166 1724–1737 1733



Figure 6
Effect of EPA-FFA on MC-26 mouse CRC cell motility in vitro. (A to F) Representative photomicrographs of cells following migration through 8 mm
membrane pores. Images of control cells (A) and cells treated with either 50 mM (B), 100 mM (C), 200 mM EPA-FFA (D), 10 mM PGE2 alone (E) or
a combination of 200 mM EPA-FFA and 10 mM PGE2 (F). (G) Quantification of the effect of EPA-FFA on MC-26 mouse CRC cell migration. Data are
expressed as the mean and SEM of the number of cells counted per ¥4 magnification field of view from a minimum of three replicates. (H)
Quantification of MC-26 mouse CRC cell migration. Data are expressed as the mean and SEM of the number of cells counted per ¥4 magnification
field of view from a minimum of four replicates.

BJP G Hawcroft et al.

1734 British Journal of Pharmacology (2012) 166 1724–1737



rather than alterations in COX-2 expression in MC-26 mouse
CRC cells.

A reduction in the PI of 5% EPA-FFA-treated MC-26 mouse
CRC cell liver tumours is consistent with observations made
in the one previous study that measured the PI in EPA-treated
human CRC cell xenograft tumours by Ki-67 immunostain-
ing (Calviello et al., 2004). The modest reduction (approxi-
mately 20%) in PI that we observed is compatible with
biologically significant effects of w-3 PUFAs on colorectal
carcinogenesis in other pre-clinical models (Deschner et al.,
1990; Hendrickse et al., 1995; Latham et al., 1999), as well
as clinically relevant effects of established anticancer agents
against human CRC liver metastases (Backus et al., 2001;
Zhong et al., 2008) and other malignancies (Clarke et al.,
1993).

A striking observation was that ERK signalling in MC-26
mouse CRC cell tumours was restricted to cancer cells at the
leading or invasive edge of the tumour where pERK protein
was localized by immunohistochemistry. This is consistent
with a previous report of the critical role of ERK signalling
in TNFa-induced MC-26 mouse CRC cell invasion and
metastasis (Choo et al., 2005). There are several potential
mechanisms that could explain how EPA could reduce ERK
activation in CRC cells. Firstly, it is known that ERK signalling
occurs downstream of EP4 receptor activation (Fujino et al.,
2003; Pozzi et al., 2004; Hawcroft et al., 2007). Therefore, the
EPA-induced reduction in PGE2-EP4 receptor signalling may
account for reduced pERK levels in the MC-26 mouse CRC
cell tumours. Alternatively, w-3 PUFAs are believed to alter
membrane dynamics, particularly lipid raft function (Cock-
bain et al., 2012), which could affect cell surface receptor
(e.g. EGF receptor) function upstream of the ERK signalling
pathway. It should be noted that MC-26 mouse CRC cells do
not express EGF receptors (M. Volpato, unpubl. data and Lee
et al., 2010) so that effects on CRC cell EGF receptor activity
cannot explain EPA-FFA activity in this model.

Reduced pERK levels in CRC cells at the edge of liver
tumours in animals treated with EPA-FFA-containing diet,
combined with the known role of ERK signalling in CRC
cell invasiveness (Choo et al., 2005; Rao et al., 2007), led us to
test whether EPA-FFA decreased CRC cell motility using an
in vitro cell migration assay. The concentration-dependent
decrease in MC-26 mouse CRC cell motility by EPA-FFA was
completely rescued by exogenous PGE2, thus implicating
reduced PGE2 signalling in this aspect of the antineoplastic
activity of EPA-FFA. This was, at least in part, due to reduced
PGE2-EP4 receptor activation in MC-26 mouse CRC cells based
on attenuation of the effect of EPA-FFA on cell migration by
the EP4 receptor ligand PGE1-alcohol. Differential expression
of the EP4 receptor within CRC cell tumours has not been
previously reported and requires further investigation as a
factor controlling the antineoplastic activity of agents such as
EPA-FFA, which modulate PGE2 synthesis and signalling.

In summary, we have demonstrated that orally adminis-
tered EPA, in the FFA form, reduces CRC liver tumour growth
in a mouse model of CRC liver metastasis by mechanisms
including decreased CRC cell proliferation and reduced
PGE2-dependent cell motility. Currently, a Phase II random-
ized placebo-controlled trial of EPA-FFA 2 g daily is underway
in patients awaiting liver resection surgery for CRC liver
metastasis (http://www.clinicaltrials.gov, NCT01070355).

Evidence of safety and good tolerability of EPA-FFA in this
group of patients with advanced CRC, combined with this
pre-clinical evidence of efficacy of EPA-FFA against CRC liver
metastasis, should prompt Phase III clinical evaluation
of EPA-FFA for prevention and/or treatment of CRC liver
metastasis. Definitive evidence that the antineoplastic activ-
ity of EPA is, at least partly, explained by reduced PGE2

bioactivity will lead to evaluation of the stable urinary
metabolite of PGE2 PGE-M as a therapeutic response biomar-
ker in CRC patients receiving EPA therapy (Johnson et al.,
2006).
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 (A) Daily food intake per cage before and after
intrasplenic injection. Data are presented as the mean intake
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of chow in g from two cages per treatment group. Alternate
day values are presented to aid visualization. There was no
significant difference between food intakes among the treat-
ment groups. Repeated measures ANOVA F = 9.8, P = 0.09. (B)
Body weight presented as the mean and SEM of individual
body weights in the three treatment groups on alternate days.
There was no significant difference in body weight at killing
(day 28) between the control and 5% EPA-FFA-treated groups
(P = 0.15; one-way ANOVA with post hoc Bonferroni analysis).
Figure S2 Fatty liver in BALB/C AnN mice. Microvesicular
steatosis was evident in hepatocytes neighbouring tumour
tissue (asterisk) in H&E-stained fixed liver sections from all
animals. The example has a steatosis score of 3. Oil Red O
staining of frozen tissue confirmed excess fat content in hepa-
tocytes (stained red). Assessment of the degree of steatosis in
H&E-stained sections by two observers, who were blinded to
the treatment allocation of each section, did not reveal any
significant difference between the treatment groups.
Figure S3 Immunohistochemistry for Cox-2 in MC-26
mouse CRC cell tumours. Staining of MC-26 cells was not
uniform in metastatic tumours. Strongly Cox-2-expressing

cells (often with prominent peri-nuclear staining) were
present throughout tumours, often surrounded by weakly-
staining or negative cells. Examples of Cox-2 immunoreac-
tivity scoring of tumour tissue. (A) score 0; (B) score 1; (C)
score 3; (D) score 6. Size bar = 100 mm in all cases.
Figure S4 Individual EPA/AA ratios, E-type PG levels and
biomarkers of tumour growth in mice from all three treat-
ment groups. The Spearman correlation coefficient and P
value for the relationship is noted above each dot-plot.
Figure S5 MTT assay of MC-26 mouse CRC cell viability
in the presence of EPA-FFA for 24 h. Data are expressed
as the mean � SD of the percentage cell viability compared
with control for three independent experiments. IC50 = 236 �

26 mM.
Table S1 Composition of the test diets (%)
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